equal filtered load and equal plasma pH ot 7.5 was not significantly changed by increasing Pf1('o from 30.2 0.4 to 55.2 0.6 m and Pco, from 33.8 0.7 to 74. 1 2.1 mm Hg. Examinations during respiratory and metabolic alkalosis in five dogs at plasma pH of 7.8 showed that bicarbonate reabsorption at equal filtered load was not significantly different at a Pco, of 20.2 0.8 and 36.8 0.8mm Hg. Finally, in five dogs that did not receive ethacrynic acid, plasma pH was lowered by inducing respiratory acidosis at a PHcO of 30 mi and raised during progressive respiratory and metabolic alkalosis. Bicarbonate reabsorption was linearly related to plasma pH within the range 7.lto 7.85 (r = 0.92). By altering plasma pH by 0.1 unit, bicarbonate reabsorption was altered by 10 1%. Thus, filtered bicarbonate rather than GFR and plasma pH rather than Pco2 are important acute regulators of bicarbonate reabsorption. This regulation may be achieved by determining pH and bicarbonate concentration in the luminal fluid along the proximal tubules.
Debit filtré de bicarbonate et pH plasmatique determinants de Ia reabsorption rënale de bicarbonate. Pour ëtudier linfluence sur Ia reabsorption de bicarbonate du debit de filtration de bicarbonate et dti pH plasmatique, des chiens anesthësiCs ont Cté perfuses avec chlorure de sodium et bicarbonate de sodium de façon h modifier Ia concentralion de bicarbonate plasmatique (P11c0) sans changement de l'hCmatoelite. Les résultats obtenus chez cinq chiens avec un Cventail large de debits de filtration glomérulaire (GFR) au cours de Ia pei'fusion d'acide Ctacrynique montrent que Ia reabsorption de bicarbonate, a charge filtrée egale et a pH plasmatique de 7. Tubular reabsorption of bicarbonate is increased by raising arterial plasma carbon dioxide tension (Pco2) and depressed by lowering Pco, 11-41. At constant plasma bicarbonate concentration (P0c'), changes in Pco2 are associated with changes in arterial plasma pH. but it is generally assumed that Pco2 is a much more important regulator of bicarbonate reabsorption than plasma pH is [3] . Because of the proportionality between bicarbonate reabsorption and glornerular filtration rate (GFR), it has been assumed that GFR is a determinant of bicarbonate reabsorption [5] . This has led to the convention of expressing bicarbonate reabsorption per 100 ml of GFR when GFR varies in the course of an experiment. But, some recent observations suggest that plasma pH rather than Pco2 and filtered bicarbonate rather than its factors GFR and PHCO determine acute changes in bicarbonate reabsorption.
The main evidence is that bicarbonate reabsorption is depressed during bicarbonate loading despite constant Pco2 and that the highest bicarbonate reabsorption is reached already at low GFR [6J. GFR can therefore be varied over a wide range without changes in bicarbonate reabsorption.
These experiments did not exclude additional effects of Pco2 and GFR on bicarbonate reabsorption because no comparison was made at equal filtered bicarbonate and plasma pH during metabolic and respiratory alkalosis. Moreover, no comparison of bicarbonate reabsorption has been performed at more normal plasma pH at different Pco2 and PHC0.
To examine the hypothesis that bicarbonate reabsorption is a function of filtered bicarbonate and plasma pH, we performed experiments on anesthetized dogs. We wanted to compare bicarbonate reabsorption at equal filtered load, equal expansion of the exlracellular volume, and equal plasma p1-I. but at different Pco2's. Ethacrynic acid was administered to inhibit transcellular sodium chloride reabsorption and cxtracellular volume was kept constant during infusion of isotonic sodium bicarbonate by reducing infusion of isotonic sodium chloride solution; GFR could be altered over a wide range by varying renal arterial perfusion pressure [7, 8] . Filtered bicarbonate was first varied at control Plicu), of about 30 m at a plasma pH of 7.5 by varying the GFR. Examinations were then repeated at unchanged plasma pH after first increasing PHCO to about 55 m and then bringing plasma pH back to control by increasing Pco7. In a second set of experiments, plasma pH was raised to about 7.8 by inducing respiratory or metabolic alkalosis. Bicarbonate reabsorption was compared at equal plasma pH and equal filtered load, but at different Pco2's.
A third set of experiments was performed at control GFR on dogs that had not received ethacrynic acid. By raising Pco2 at a PHCO of 30 m, we could keep the excretion rates of bicarbonate high even at a low plasma pH we also subjected each dog to respiratory and metabolic alkalosis, which allowed us to quantitatively estimate the relationship between plasma pH and bicarbonate reabsorption.
Methods
Experiments were performed on mongrel dogs of both sexes weighing between 12.0 and 15.5 kg. The dogs were fasted overnight but had free access to water. Anesthesia was induced by i.v. injection of sodium pentobarbital (Nembutal ) in a dose of 25 mg/kg of body wt, and was maintained throughout the experiment by additional doses of 1.5 to 3 mg/kg of body wt. Polyethylene catheters (Portex PP270) were inserted into the femoral vein for infusions and into the fernoral artery for blood sampling and for blood pressure recordings, which were carried out by means of a pressure transducer (Statham P23Gb) and a multichannel recorder (Sanborn). The tip of the arterial catheter was located below the origin of the renal arteries.
The left kidney was exposed retroperitoneally through a flank incision, and all visible nerves along the renal pedicle were divided. The ureter was cannulated with a polyvinyl catheter for urine collection. Renal blood flow (RBF) was measured by a square-wave electromagnetic flowmeter (Nycotron, Drammen, Norway), which had been calibrated on renal and femoral arteries of the same caliber, as previously described [71. A nylon snare was put around the renal artery distal to the flowmeter probe and was used to occlude the renal artery for zero checking of the flowmeter probe.
In the experiments in which glomerulotubular balance was examined, a Blalock clamp was placed around the aorta, just above the origin of the renal arteries, to enable gradual reduction of renal perfusion pressure. An inflatable cuff was put around the neck to raise the systemic blood pressure and hence the renal perfusion pressure by constriction of the carotid arteries [81.
Experimental procedure. The dogs were given a priming dose of creatinine (40 mg/kg of body wt, i.v.) followed by a continuous i.v. infusion of creatinine (0.6 mg/kg of body wt). Creatinine was dissolved in 0.9% saline and infused at a rate of 2 mI/mm. Saline was infused throughout the experiment at a rate balancing the urine losses. Plasma potassium was kept between 3.5 and 4.5 m by adding potassium chloride to all infusates. Sodium bicarbonate was infused to keep the P0 constant at the desired level. Arterial Pco, and Po2 were monitored throughout the experiment. When required, oxygen was added to the inspired air to keep Po2 above 130mm Hg (18 kPa). Pco2 could be kept constant within narrow limits at a desired level by adding 100% carbon dioxide to the respiration air.
In the first series of experiments where glomerulotubular balance curves were obtained, autoregulation was impaired by volume expanding the dogs about 10% of body wt and infusing ethacrynic acid in a priming dose of 3 mg/kg of body wt and a maintenance dose of 1 .5 mg/kg of body wthour. Under conditions of constant Pco,, Po2 and plasma pH, bicarbonate reabsorption was examined at various GFR's. Initially, examinations were performed at control acid-base balance. Then the plasma p1-I was increased to 7.8 by rapid infusion of sodium bicarbonate, and HCO was kept constant at the various GFR levels examined. Finally, at a high level of Pco, Pco2 was increased by adding 100% carbon dioxide to the inspired air until plasma pH returned to control. Examinations of bicarbonate reabsorption were performed at four to eight different steps of GFR. At each step, time was allowed for equilibration, and urine was collected for two periods of 3 to 5 mm depending on urine flow. Arterial blood was sampled in the middle of each clearance period. Blood and urine samples were also taken anaerobically at each step for measurements of pH and Pco, in a blood gas analyzer (Instrumentation Laboratory, Lexington, Massachusetts). PHCO was calculated according to HendersonHasselbalch's formula.
In the second series of experiments, bicarbonate reabsorption was examined first at a pH of 7.5 and then at a pH of 7.8, induced by reducing Pco,. The results of these experiments were compared with the results obtained in the first series of experiments before and after bicarbonate loading.
In the third series of experiments, tubular reabsorption of bicarbonate was examined at various plasma pH value:; at control GFR. In these experiments, ethacrynic acid was not administered, and the dogs were less expanded. When RBF was reduced during alkalosis, the carotid arteries were constricted to increase the systemic blood pressure. By this procedure. RBF and GFR could be returned to control values.
Urinary concentration of bicarbonate was measured by the titrimetric method of Cullen [91 as modified by Segal [10] .
Plasma and urine were analyzed for creatinine [II] . Creatinine clearance was used as a measure of GFR. Sodium and potassium concentrations were measured with a flame photometer (Instrumentation Laboratory, Lexington, Massachusetts). Chloride concentration was measured by a CMTIO chloride titrator (Radiometer, Copenhagen, Denmark). The filtered load of ions was calculated from plasma concentrations using a Donan factor of 1.05 for anions and 0.95 for cations.
Statistical methods. The slope of the regression lines in each experiment was calculated as indicated by Brace [121. As each dog served as its own control, Wilcoxon's signed rank test was used to evaluate differences between pairs of observations [13] . The data are presented as mean I SEM.
Results
Comparison of bicarbonate reabsorption at plasma pH 7.5 at equal filtered loads hut at ditJ'rent Pco,. By expanding the dogs with isotonic saline and sodium bicarbonate solutions and administering ethacrynic acid, the renal autoregulation was impaired and the GFR could he varied over a wide range. In the particular experiment shown in Figure 1 , the GFR averaged 43 I mi/mm at control blood pressure and could be increased to 55 2 mI/mm by raising arterial blood pressure and reduced to 16 2 mI/mm by suprarenal aortic constriction. In the control experiment at a plasma pH of 7.55 ( Fig. 1 
kPa).
Despite the large increase in Pco7, bicarbonate reabsorption at equal filtered load was not altered (Fig. I , lower panel, closed circles). Bicarbonate reabsorption before and atler elevation of P-0 and Pco, overlapped over most of the range of filtered bicarbonate examined before bicarbonate loading. At high PHCO1, the filtered load was raised more than it was in the control experiments, but this further increase in filtered load was not associated with a rise in bicarbonate reabsorption, implying that the filtered load was sufficient for saturation of bicarbonate reabsorption. As shown in the upper panel of Figure 1 , bicarbonate reabsorption at an identical GFR is much HCO, bicarbonate reabsorption was higher than it was in control experiments at identical GFR. Bicarbonate reabsorption reached saturation at high filtered loads so that it did not increase significantly as the GFR was raised above control. Table 1 summarizes the main results of this series of experiments performed at pH 7.5. At comparable filtered loads (Table  1 , periods I and 2), bicarbonate reabsorption was equal despite large differences in Pco2. This comparison was performed at a filtered load that ensures almost complete saturation of bicarbonate reabsorption, and an increase in filtered load, induced by increasing the GFR, was without significant effect on bicarbonate reabsorption (Table I, 11 kPa) and examinations over a wide range of GFR repeated. One dog was examined both during respiratory and metabolic alkalosis. Figure 3 shows the relationship between bicarbonate reabsorption and filtered bicarbonate expressed in percent of control values. At comparable filtered loads, bicarbonate reabsorption was almost halved by increasing the plasma pH from 7.5 to 7.8. At similar filtered load, bicarbonate reabsorption during hyperventilation and bicarbonate loading overlapped despite the large differences in Pco2, Table 2 summarizes the main results at filtered bicarbonate loads close to control. To obtain equal filtered loads, GFR is lower during bicarbonate loading (Table 2, period 3) than during hyperventilation ( Table 2 , period 2), but since bicarbonate reabsorption is saturated at low filtered loads at plasma pH 7.8, elevation of the GFR toward control is not associated with significant increases in bicarbonate reabsorption (l'able 2, period 4).
Because the combined infusion rate of sodium chloride and sodium bicarbonate solutions was kept constant during variations in plasma pH, variations in extracellular volume were avoided. Hematocrits averaged 33.7
1.3 in control experiments, 33.2 0.9 during bicarbonate loading at control Pco2, and 32.9 1.2 after elevation of Pco2 at a high plasma PHCO.
Hemoglobin concentration averaged 10.7 0.3 and was also not significantly altered in the course of the experiments.
Bicarbonate reabsorption at constant GFR during variations in plasma pH. Although ethacrynic acid in the doses used does not affect bicarbonate reabsorption 41, studies were performed Table 3 . By maintaining a PHCO of about 30 m during respiratory alkalosis and acidosis. adequate filtered load was ensured over a wide range of plasma pH. At plasma pH 7.8. 60 to 70% of the filtered load was excreted, and at pH 7.2, about 20% was excreted. At lower pH, bicarbonate excretion was reduced so much that the filtered load became the limiting factor for bicarbonate reabsorption. At plasma pH 7.03, bicarbonate excretion was less than 10% of the filtered load (Table 3 , period 4).
By normalizing Pco,, control values were rapidly restored, and there was no significant difference between the data shown for control periods I and 5 in Table 3 . By comparing the data obtained during respiratory alkalosis (Table 3 , period 2) and those obtained by raising PH('O, without altering Pco, significantly (Table 3 . period 6), it could be shown for each of the five dogs that bicarbonate reabsorption at a pH of 7.8 was not significantly different during respiratory alkalosis and bicarbonate loading despite the large difference in Pco2. In Figure 4 , bicarbonate reabsorption is plotted either against Pco2 or plasma pH. Bicarbonate reabsorption at a plasma pH of 7.4 was set to 100% to compare results from different experiments. As shown in the upper panel of Figure 4 , a curvilinear relationship was obtained between bicarbonate reabsorption and Pco2 when Pco2 was varied. But, bicarbonate reabsorption was unrelated to Pco2 when metabolic alkalosis was induced by bicarbonate loading at a constant Pco,. On the other hand, as shown in the lower panel of Figure 4 , a high correlation was found between bicarbonate reabsorption and plasma pH, except for plasma pH less than 7.1 when filtered load became inadequate. Within the pH range between pH 7.1 and 7.85, linear relationships were obtained with r> 0.9 for the individual experiments and r = 0.92 for the whole material. The regression equation between bicarbonate reabsorption in percent (y) and plasma pH (x) can be written y = 102x + 852
Hence, bicarbonate reabsorption was altered by 10 + 1% by altering pH by 0.1 unit. This relationship is not significantly different from that obtained within the pH range 7.5 to 7.8 in experiments on expanded dogs infused with ethacrynic acid.
Discussion
The results of this study in anesthetized dogs show that acute changes in bicarbonate reabsorption can be accounted for by changes in filtered bicarbonate and plasma pH. In the first part of the study, filtered bicarbonate was varied while plasma hydrogen ion concentration was kept constant at about pH 7.5.
Because filtered load is the product of GFR and PHCO, we chose to examine bicarbonate reabsorption over a wide range of GFR's at a constant P}jcc) and then repeat the examinations over a wide range of GFR's at a higher and constant PHCO.
Variations in the GFR were induced by changing renal perfusion pressure, but the effect on bicarbonate reabsorption see-ns to be similar to that obtained by raising the GFR by protein-rich 
NS
Data represents the mean values SEM of duplicate clearance determinations in 5 dogs during continuous infusion of ethacrynic acid. In control periods, data from 10 dogs are presented: 5 are subjected to hyperventilation and 5 to bicarbonate loading. In calculation of probabilities (P), the dogs were used as their own controls. During bicarbonate loading, i.v. infusion of I .3'4 NaHCO replaced infusion of 0.9 NaCI.
Abbreviations are defined in Table I . Data represents the mean values SEM of experiments on 5 dogs, LIP is aortic blood pressure: RBF, renal blood flow: P = probability tested against control P .> 0.05 was considered to be not significant (NS). Other abbreviations as in Table I . P( and were monitored by altering concentrations in respiration air and intravenous infusate. 1 and 2, upper panel) . But, as shown in the lower panels of Figures 1 and 2 , identical relationships between bicarbonate reabsorption and filtered bicarbonate were found at plasma pH 7.5 despite large differences in HCO and Pco2. This part of the study therefore suggests that the GFR is not an independent regulator of bicarbonate reabsorption at a plasma pH of 7.5 but influences bicarbonate reabsorption as a factor of filtered load. Hence, bicarbonate reabsorption at constant plasma pH 7.5 is a function of filtered bicarbonate rather than of each factor separately.
By the same argument, it is unlikely that Pco2 or HCO exerts special effects that cannot be accounted for by the changes in filtered bicarbonate and plasma pH. In the individual experiments, there was no sign of even a small special effect of Pco2 despite the doubling of Pco2 (Fig. I) .
A consequence of the hypothesis that plasma pH rather than Pco2 or P0 determines bicarbonate reabsorption is that 0 bicarbonate reabsorption should remain constant at high filtered load over a wide range of Pco2 and PHCO provided plasma pH remains constant. This is illustrated in Figure 5 . Plasma pH was kept constant at pH 7.38 in this experiment by increasing P1c0, and Pco2 in proportion. Bicarbonate reabsorption remained constant when PHCO was raised from 27 to 69 mis't. In contrast, bicarbonate reabsorption fell when plasma pH progressively increased at constant Pco2, in agreement with previous observations [6] . It should be noted that if no precaution is taken to regulate Pco,, as in most clearance studies, a rise in Pc0 during bicarbonate loading is associated with a rise in Pco2 so that no -r-serious reduction in bicarbonate reabsorption occurs.
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The interpretation of the data obtained at plasma pH 7.8 is simpler because at this pH bicarbonate reabsorption is so low that maximal reabsorption rate has already been reached at a GFR as low as 50% of control. Bicarbonate reabsorption remains therefore constant when the GFR is raised toward control both during respiratory alkalosis [4] and metabolic alkalosis [6] . Although the filtered load can be increased more during metabolic than it can in respiratory alkalosis (Fig. 3) , bicarbonate reabsorption is not dependent on filtered load over a wide range of GFR. During metabolic alkalosis, unreabsorbed sodium bicarbonate may exert an osmotic effect by inhibiting the paracellular transport of water and sodium chloride, but osmotic inhibition does not affect the transcellular reabsorption of sodium bicarbonate 1141. Because bicarbonate reabsorption was equal during metabolic and respiratory alkalosis, despite large differences in Pco2, plasma pH is a much more important determinant of bicarbonate reabsorption than Pco2 is.
At a low plasma pH, filtered load may exert different effects during metabolic and respiratory acidosis. During metabolic acidosis, bicarbonate reabsorption increases with GFR but remains below control irrespective of how much the GFR is raised because the bicarbonate concentration in the glomerular filtrate is too low. During respiratory acidosis at a P1-of 30 m, filtered load is a limiting factor when the plasma pH is below 7.1. A linear relationship showing that bicarbonate reabsorption changes by 10% per 0.1 pH unit could therefore only be established at plasma pH higher than 7. I.
This relationship does not exclude that other factors, which were kept constant in the present study, may influence bicarbonate reabsorption. For instance, expansion of the extracellular volume may influence bicarbonate reabsorption [15-171. But, hematocrits remained essentially unaltered because saline infusion was reduced during bicarbonate loading. It is therefore unlikely that changes in bicarbonate reabsorption during variations in plasma pH reflect changes in extracellular volume.
Because the effect of altering expansion of the extracellular volume has not been examined in this study, the results may not apply to dehydrated animals and not to experimental conditions with chronic disturbances of acid base balance. Chronic metabolic alkalosis may be induced by electrolyte loss and respiratory alkalosis by increased ventilation rate as during chronic bicarbonate reabsorption has led some investigators to propose that plasma pH is a determinant of bicarbonate reabsorption [19-2 1] , but the dissociation between the effects of plasma pH and Pco2 by inducing metabolic alkalosis has not been attempted previously. The widespread belief that Pco2 rather than plasma pH determines bicarbonate reabsorption is based mainly on three observations in a study by Dorman, Sullivan, and Pitts (3] , which can be interpreted differently in the light of the present study. First, they found that bicarbonate reabsorption per 100 ml of GFR correlated as well with changes in Pco2 as it did with changes in plasma pH. This would be expected at constant PHCO, during variations in Pco2 even when the GFR is altered. Second, they found that bicarbonate reabsorption increased when Pco2 and increased without a change in plasma pH. The response can be attributed to a rise in filtered load because the experiments were not performed under conditions of saturation of bicarbonate reabsorption. Finally, they found that bicarbonate reabsorption per 100 ml of GFR remained constant when pH was increased by infusing bicarbonate. This observation might seem to be in contrast to the demonstration of a reduced bicarbonate reabsorption during metabolic alkalosis as found in the present and a previous study [61. But, metabolic alkalosis also leads to a reduction in the GFR provided no precautions are taken. Constant bicarbonate reabsorption per 100 ml of GFR would be obtained when bicarbonate reabsorption and GFR were reduced in the same proportions (glomerulotubular balance).
An important question is whether plasma pH and filtered bicarbonate influence bicarbonate reabsorption by the same tubular mechanism. Plasma pH might influence hydrogen ion secretion by altering the pH of some intracellular compartment of the tubular cells or might act by altering the pH of the tubular fluid. The results of this study favor the latter hypothesis. In the proximal tubules that only tolerate small transepithelial pH differences [221, tubular pH would at a constant buffer load vary in parallel with peritubular or plasma pH, and the lowest achievable tubular bicarbonate concentration would be higher at high than it would be at low plasma pH. Back-leakage of bicarbonate is a less likely mechanism because the transepithehal difference in bicarbonate concentration would be different during metabolic and respiratory alkalosis. When the minimum bicarbonate concentration has been reached somewhere along the tubular length, bicarbonate reabsorption ceases, There would probably be no fluid reabsorption further along the proximal tubules because reabsorption of sodium bicarbonate provides the main osmotic force for reabsorption of water and sodium chloride.
Variations in filtered load may also influence bicarbonate reabsorption by altering pH along the tubular length [23] At any level of the proximal tubule, the bicarbonate concentration of the tubular fluid would be a function of tubular pH. At constant HCOa and plasma pH, tubular bicarbonate concentration would at low GFR decline already in the first part of the proximal tubule. By raising the GFR. filtered load would increase and tubular bicarbonate concentration would rise along the tubules and a longer segment of the tubules participate in bicarbonate reabsorption. By this simple mechanism, a linear relationship between bicarbonate reabsorption and GFR (gbmerulotubular balance) can be obtained (Figs. I and 2) . Also a rise in the GFR has different effects on bicarbonate reabsorption at high and low plasma pH.
We conclude that acute changes in bicarbonate reabsorption are a function of filtered bicarbonate and plasma pH, and that there is no evidence for special effects of GFR, PHcO,, and Pco2. Both glomerulotuhular balance of bicarbonate and the effect of changes in plasma pH on bicarbonate reabsorption can be accounted for by the failure of the proximal tubulec to maintain a large transepithelial p1-I difference. Whether this failure is due to a weak hydrogen ion pump or back-leakage of hydrogen ions remains unanswered. An understanding of the mechanism regulating bicarbonate reabsorption has relevance also for the glomerulotubular balance of sodium and chloride because of the coupling between sodium bicarbonate and sodium chloride reabsorption (231. 
